Objective: To investigate cervical spine motion during a log roll technique in ice hockey players under different helmet fit conditions. Design: Prospective counterbalanced design.
INTRODUCTION
Cervical spine injuries require sports medicine professionals to exercise skillful management to limit secondary injury. Proper on-field management of these injuries has been established by the National Athletic Trainers' Association (NATA) Inter-Association Task Force (IATF) in 2001 1 and have been adopted by the NATA and Canadian Athletic Therapists Association. The goal is to minimize cervical spine movement until athletes can be transported for advanced medical imaging and diagnostics. It has been documented in American football that inline stabilization can be maintained without removing the helmet, providing the shoulder pads remain on the injured athlete, [1] [2] [3] [4] but debate exists about whether this recommended procedure can be safely generalized to all sports in which shoulder pads and helmets are worn.
Those caring for ice hockey players recognize the inherent risks of sustaining cervical spine injuries during participation. Some estimates suggest as many as 20.3 catastrophic cervical spine injuries occur each year, 5 with as many as 49% occurring in young athletes between 16 and 20 years of age. 6 Although catastrophic cervical spine injuries are rare, the sports medicine professional is often faced with less traumatic scenarios still requiring inline stabilization as the athlete is prepared for transportation to a medical care facility. From 1990 to 1999, there were 5069 documented neck injuries in the United States alone. 7 These injuries ranged from fractures and dislocations to sprains, strains, and contusions. Published data suggest that cervical spine injury may be as much as 6.5 times higher in hockey than in football. 7 Very few studies have attempted to better understand the implications of helmet fit or removal in emergency cervical spine stabilization procedures. On the basis of preliminary studies, cervical range of motion in football, lacrosse, and ice hockey players wearing shoulder pads and helmets did not differ during a backboard immobilization protocol. 8 Consistent with the football literature, studies have shown that removing the helmet in hockey increases cervical lordosis due to the shoulder pads. 5, 9 These studies evaluated computerized tomographic lateral scout scans 5 and still-frame radiographs 9 to determine the amount of head and neck movement only after an athlete was secured to a spineboard. No study has used 3-dimensional motion analysis to investigate cervical spine motion of athletes secured for transport and, perhaps more importantly, during an emergency prone log roll technique.
The design of the hockey helmets is such that the chinstrap does not afford as much cervical stabilization as their football counterparts because there is no direct strap-to-helmet fixation point; fixation is provided through secondary fixation points. Another important issue, and recurring problem in ice hockey, is the frequency with which players wear improperly fitted helmets. Therefore, the primary purpose of this study was to evaluate the effect of helmet fit on the measured headto-thorax and helmet-to-thorax motion in healthy ice hockey players during an emergency prone log roll under 3 separate helmet fit conditions: properly fit (PF) according to manufacturer guidelines, competition helmet (CH), and helmetremoved (HR).
METHODS

Subjects
Eighteen male ice hockey players (age, 21.29 6 2.47 years; height, 181.12 6 5.99 cm; mass, 80.29 6 8.91 kg) volunteered to participate. Participants diagnosed with cervical spine injuries within the 6 months preceding participation or any history of cervical fracture or dislocation were excluded from this study. All participants completed informed consent forms approved by the university's institutional review board before participation.
Instrumentation
A Flock of Birds (Ascension Technologies, Burlington, VT) electromagnetic motion analysis system controlled by MotionMonitor software (Innovative Sports Training, Chicago, IL) collected kinematic data at a sampling frequency of 144 Hz. This electromagnetic tracking system is accurate within 1.8 mm for linear displacements and 0.5 degrees for angular displacements. 10 Separate electromagnetic sensors were attached to the head, thorax, and ice hockey helmet. The head sensor was affixed to a custom-made rigid orthoplast mouthpiece covered with heat-molded plastic. The thorax sensor was positioned on the proximal sternum, inferior to the sternal notch. A third electromagnetic sensor was placed on the top of the hockey helmet. After equipment fitting procedures, the participant sat on a stool centered in the data capture volume. Bony landmarks were digitized by palpation using a mobile electromagnetic sensor attached to a stylus to orient the head and thorax in our capture volume. Each measurement was taken 3 times to ensure accuracy. 11 
Equipment Fitting
ITECH HC90 helmets and Concept II full faceshields were used in this study. Participants wore SP1055 TechLite shoulder pads and HP8000 hockey pants (Mission ITECH Hockey, Montreal, Canada). Each participant was instructed to wet his hair to simulate sweating. The fit of his competition helmet was assessed independently by 2 of the investigators. Since any metal in the data collection field would distort the electromagnetic sensor readings, we replaced all the participants' metal facemasks with ITECH polycarbonate full faceshields. The HC90 and Concept II polycarbonate faceshield share the same fitting and chin strap properties as all other ice hockey helmets and full faceshields or cages approved for use in amateur ice hockey. Subjects subjectively confirmed their competition helmet and new faceshield fit no differently than their original helmet and metal facemask combination. They were then fitted with a new ice hockey helmet such that the brim of the helmet rested 3.5 cm (2 fingerwidths) above the participant's eyebrows; the facemask chin strap fit tightly under the chin and was securely fastened to the helmet. As a quick test, participants were instructed to hold their head still while a coinvestigator attempted to move the helmet. The fitting procedures were repeated if the investigator was able to move the helmet with no movement of the head.
Procedures
For each trial, the participant began lying prone with his head turned to the left and arms along his side. Participants were instructed to bite down firmly on the mouthpiece, to lay limp, and to allow the rescuers to perform the prone log roll without resistance. Rescuer 1 immobilized the head and cervical spine. A second rescuer controlled the thorax by placing the right hand on the participant's left shoulder and left hand on the participant's left greater trochanter. A third rescuer placed their right hand on the participant's left anterior superior iliac spine and their left hand on the participant's left shank to help control the legs during the roll. Rescuers 2 and 3 kneeled on a spineboard (Model #35850-BL; Iron Duck, Chicopee, MA) we had previously placed on the floor along the right side of the participant. This start position was kept standard for every trial across all subjects and helmet fit. Figure 1 illustrates the start, midway, and terminal position of the prone log roll. Rescuer 1 initiated the prone log roll; this procedure was performed in accordance with the NATA IATF recommendations. 1 Three trials were performed for a given helmet fit condition before proceeding to the next counterbalanced helmet fit condition.
Outcome Measures
Motion data were exported from the MotionMonitor software and reduced using a custom Matlab (The Mathworks Inc, Natick, MA) program. To account for potential differences, the average of the first 10 data points collected in each trial were subtracted from every data point collected during that particular trial to normalize the subject's starting position for a given trial. The data were then rectified and integrated using Simpson's Method and normalized to time. Data were ensemble averaged across the 3 trials, resulting in a single value of frontal, sagittal, and transverse plane cervical spine motion measured in degrees per second (deg/sec) for each helmet fit condition. We also measured helmet movement relative to the thorax (helmet-to-thorax motion) for the PF and CH conditions.
Statistical Analyses
To assess the reliability of our research team in performing a prone log roll, an intraclass correlation coefficient (ICC 3,1 ) was calculated for the HR condition in each plane of cervical spine motion. Another analysis (ICC 3, k ) was performed to measure our consistency in the time needed to perform the prone log roll. Measures of precision (standard error of the measurement) were also computed. Paired-sample t tests for each plane of motion were performed to determine if helmet-to-thorax motion between the PF and CH conditions were significantly different. To determine if significant differences in cervical spine motion during a prone log roll across the PF, CH, and HR conditions existed, we performed separate repeated measures ANOVA comparing head-to-thorax motion in all 3 conditions. Bonferroni post hoc analyses were q 2008 Lippincott Williams & Wilkins performed to identify individual differences. All data were analyzed using SPSS 15.0 (SPSS, Chicago, IL), with an a priori alpha level set at 0.05.
RESULTS
Malfunctioning electromagnetic sensors caused us to lose data for 1 participant; data from 17 of 18 participants are presented. Intraclass correlations suggest we were consistent in maintaining head control. Reliability in frontal plane head control was 0.75 (SEM, 6.40 deg/sec); sagittal and transverse plane head control consistencies were 0.78 (SEM, 7.62 deg/sec) and 0.72 (SEM, 4.99 deg/sec), respectively. We consistently performed our emergency prone log roll in the same period of time (ICC 3,k , 0.90; SEM, 0.18 sec).
Significant differences in helmet-to-thorax motion between the PF and CH conditions in the frontal (t 16 = 1.343; P . 0.05), sagittal (t 16 = 1.085; P . 0.05), or transverse (t 16 , -1.154; P . 0.05) planes were not observed. We did not observe a significant difference across the helmet fit conditions for frontal plane head-to-thorax movement (F 1.41,22.58 = 2.057; P . 0.05). A significant difference was observed for sagittal plane head-to-thorax movement (F 2,32 = 6.247; P = 0.005), with the HR condition resulting in less neck flexion than both the PF and CH conditions. A significant difference was also found for transverse plane head-to-thorax movement (F 2,32 = 7.691; P = 0.002), with less neck rotation in the HR condition compared to the CH condition. Descriptive data for helmet-tothorax and head-to-thorax motions are presented in Tables 1  and 2 , respectively. Essentially, removing the helmet resulted in less cervical flexion and rotation.
DISCUSSION
The primary findings of this study show that, regardless of helmet fit, there is significantly more cervical spine motion during the log roll of a hockey player when the helmet is not removed. There was less cervical flexion and rotation in the HR condition compared to the PF and CH conditions. This suggests limiting unwanted cervical spine motion during a log roll may best be accomplished by removing the helmet altogether. A lack of significance between the PF and CH conditions in these 2 planes illustrates that variations in helmet fit are inconsequential in relation to cervical motion when compared to the HR condition.
Our data suggest that sports medicine professionals should be able to control movement of the helmet during an emergency prone log roll regardless of helmet fit. We did not expect helmet-to-thorax motion to differ between these 2 conditions; we were primarily interested in head motion occurring within the helmet. While we were able to assess the reliability of performing the procedure within our own research team, research including multiple rescuers and sports medicine professionals will be better able to report on the consistency of performing this task to a population of all possible rescuers.
Previously performed studies in this area report that removal of the helmet increased cervical spine lordosis if the shoulder pads remained in place. 5, 9 These studies examine participants immobilized in a supine position with no attention paid to the technique employed to immobilize the subject or even the fit of the player's helmet. Cervical spine injuries in hockey are usually caused by a check or push from behind driving the athlete head first into the boards. 12 This mechanism causes the athlete to fall onto the ice in a prone position, requiring a log roll onto a spine board during emergent care. While we standardized our starting position, it represents the first study to our knowledge to investigate this research question in an athlete found in a prone position and needing cervical spine inline stabilization. Future studies should seek to examine the entire treatment sequence for an ice hockey player with a possible spine injury. This includes scenarios such as partial log rolls, the benefit of motorized spine boards, the usefulness of applying a cervical collar before the log roll, consequences of different head immobilization techniques, and risks during transport (ie, ice-to-ground transition, cart transfer, etc). The competition helmets used by all 18 participants in our study failed our preestablished helmet-fitting criteria. Alarmingly, 7 subjects were able to completely remove their helmet without unfastening the chinstrap or faceshield. Head and neck stabilization provided by a hockey helmet differs from a football helmet. Hockey helmets are equipped with less padding, they cover less of the head and face, and padding may not be customized like the air bladder pads inherent to the design of football helmets. Although removing the facemask during emergency procedures is fine for football because the chinstrap is a design of the helmet itself, this is not true in the design of the hockey helmet. The hockey helmet chinstrap is a design built into full faceshields. This poses a problem with the management of suspected cervical spine injuries at all levels of ice hockey. In amateur competition, where the use of full faceshields is mandatory, removing the faceshield to access the airway compromises stability of the cervical spine. In junior and professional levels, where half visors or lack of any facial protection typically replace full facial protection, cervical spine stabilization from the chinstrap is absent; our study is not entirely generalizable to a non-amateur population for this reason. This raises an important clinical question: are hockey helmets able to provide enough stabilization to the head and cervical spine to justify leaving the helmet on the athlete during an emergency prone log roll procedure? The NATA IATF position statement on cervical spine injury management recommends that equipment should remain in place, providing an airway does not need to be established. It was reported that, although football protective equipment was used as an example, these proposed guidelines should be applied to other collision sports as well. 1 The position statement suggests it is appropriate to remove the helmet when the helmet and chinstrap do not hold the head securely, such that immobilization of the helmet does not immobilize the head. To determine if the helmet and chinstraps adequately stabilize the head, studies similar to ours are necessary before recommendations can be validated with implications for numerous sports.
Clinical Application
Our study revealed many things that can extend to amateur ice hockey. First, ice hockey players wear improperly fitting helmets. With the exception of sizing based on head circumferential measurements, helmet-fitting procedures are inconsistent from one helmet manufacturer to the next. At the time of submission, there were over 40 different hockey helmet models currently on the market, with as many makes and models of faceshields. For these reasons, we decided to include a competition helmet condition in our study design, accounting for the variability in how individual athletes may fit their own helmets. While we did not observe differences in head-to-thorax and helmet-to-thorax motion between PF and CH conditions, the value of wearing a helmet that fits well in the context of preventing concussions, ophthalmologic, or other facial injuries needs to be further studied. Another value in wearing a helmet that fits well (and is securely fixed) is to prevent the helmet from coming off, thereby exposing the skull and face to injury. Finally, an argument could be raised that the biomechanical measures found to be statistically significant in our study may not be clinically significant. However, studies investigating the degree of motion regarding cervical spine injury are limited and any direct comparisons are therefore difficult to interpret.
Limitations
First, our study was conducted in a research laboratory; we would like to know how our results would change during an actual on-ice emergency procedure. Our study focused solely on the prone log roll, with no regard to movement during the process of immobilization after the athlete is on the spine board or during any helmet removal techniques. Future studies should determine whether helmet removal techniques could actually introduce more risk to the cervical spine. Previous work has shown that removing the helmet increases lordosis of the cervical spine 9 ; therefore, it may be useful to investigate the effectiveness of a towel roll or bolster in minimizing excess movement. Our subjects represented a sample of uninjured hockey players and were asked to remain relaxed for the duration of the prone log roll. Although we are unable to 28.18 ‡ 6.97 *Significant finding (P , 0.05) between groups. †Helmet removed condition had significantly less movement than properly fitted and competition helmet conditions. ‡Helmet removed condition had significantly less movement than the competition helmet condition.
q 2008 Lippincott Williams & Wilkins determine objectively whether our athletes used paravertebral cervical musculature during the procedure, we provided them with the same verbal cues and instructions we would provide to any conscious victim on the ice requiring a prone log roll and feel the extent to which neck muscle guarding may have occurred would have been consistent across both field and laboratory scenarios.
Summary
Factors such as sport, playing surface, and the type and use of protective equipment can greatly affect how sports medicine professionals choose to manage cervical spine injuries. This study examined the effect of helmet fit on cervical spine movement during an emergency prone log roll. The PF and CH conditions yielded more cervical spine movement compared to the HR condition in the sagittal and transverse planes. This suggests that when an ice hockey helmet is stabilized, the head within it is not. This finding leads us to conclude that the removal of the helmet from an ice hockey player before performing the log roll technique may be the most effective means to limit extraneous movement at the cervical spine.
